AND CONCLUSIONS
INTRODUCTION
The medial superior temporal (MST) area of the macaque cerebral cortex is an extrastriate visual area that adjoins the inner border of the middle temporal (MT) or V5 area and occupies the floor and the innermost part of the anterior bank of the superior temporal sulcus. It receives strong fiber projection from MT (Maunsell and Van Essen 1983; Ungerleider and Desimone 1986b) and in turn projects to the central portion of area 7a on the surface of the inferior parietal lobule (Mesulum et al. 1977) . Like MT, MST has many directionally selective cells that respond to a straight frontoparallel translation (Desimone and Ungerleider 1986; Tanaka et al. 1986; Van Essen et al. 198 1; Zeki 1980 ). However, the receptive fields of MST cells are much larger than those of MT cells (Desimone and Ungerleider 1986; Tanaka et al. 1986 ). The FST area, which adjoins the ventral border of MT and occupies the floor of the superior temporal sulcus, also receives strong fi ber projection from MT, but there are fewer directionally selective cells in FST than in MST (Desimone and Ungerleider 1986; Ungerleider and Desimone 1986b) .
In addition to the directionally selective cells that respond to a straight frontoparallel translation (we will refer to these as Direction cells), we recently found two other types of directionally selective cells in MST. They are cells that selectively respond to an expansion or contraction (Expansion/contraction cells) and cells that selectively respond to a clockwise or counterclockwise rotation (Rotation cells) (Saito et al. 1986 ). Direction cells are found throughout MST, whereas Expansion/contraction ce 11s and Rotation cells are concentrated in the dorsal part of MST. We refer to this region as "dorsal MST" in this paper. Expansion/contraction and Rotation cells have also been observed in the rostra1 polysensory area, which occupies the outer part of the dorsal bank of the rostra1 superior temporal sulcus (Bruce et al. 198 1) , but, as we previously showed, dorsal MST is clearly distinguished from the rostral polysensory area as well as from the caudal polysensory area, which occupies the outer part of the anterior bank of the caudal superior temporal sulcus (Hikosaka et al. 1988) . Previously, Sakata et al. (1985 Sakata et al. ( , 1986 found a cluster of Rotation cells in the caudal superior temporal sulcus. However, because they did not locate their recording sites in relation to MT or MST, either physiologically or histologically, it is not certain whether they were recording in dorsal MST or in another region.
We had two aims in the present series of experiments: to learn the functional role of the set of directionally selective cells in dorsal MST, and to learn the mechanisms which underlie this selectivity. We concentrate on the functional role in this paper, and the mechanisms of selectivity will be discussed in a companion paper (Tanaka et al. 1989) .
We first examined the effect of changing the area1 extent of stimulation on the response, while other parameters were unchanged. A majority of Direction, Expansion/contraction, and Rotation cells responded more strongly to a wide-field stimulus than to stimuli within a small field. We next changed the patterns, i.e., the shape, size, and sign of contrast, of the texture components, while the area1 extent of the stimulation was unchanged. Most cells were not sensitive to these parameters. We also examined the effect of changing the speed of movement and found that different cells responded to different speeds. All of these results are consistent with the proposition that the main role of dorsal MST is the detection and analysis of wide-field movements, which are usually induced by movements of the animal. Some of the results have been reported in abstract form elsewhere (Saito et al. 1987) .
METHODS Preparation
Four Japanese monkeys (Macaca fuscata) weighing 4-6 kg were prepared for repeated recordings. The initial surgery was done under anesthesia with pentobarbital sodium (initially 35 mg/kg followed by 5-10 mg l kg-' . h-l). A brass block for head fixation was attached to the top of the skull with stainless steel bolts and acrylic resin; two stainless steel bolts for EEG recording were implanted in the skull; and the posterolateral part of the skull was exposed and covered with acrylic resin for later unit recordings.
Recordings were made once a week on each monkey. Anesthesia was induced by a single injection of ketamine hydrochloride ( 10 mg/kg, intramuscular injection). An endotracheal cannula coated with local anesthetic (Xylocaine) was inserted into the trachea. The monkey was made prostrate on an iron stage, and the head was fixed to an arm of the stage through the brass block. Throughout the recording, the animal was immobilized with gallamine triethiodide (initially 10 mg/kg, followed by hourly 4 mg/kg intramuscular injections), and anesthesia was maintained by artificial ventilation with a gas mixture of N20 and O2 (70:30) . The rate of ventilation was fixed at 25 strokes/min, and the stroke volume was changed within the range of 50-90 ml to maintain the end-tidal CO2 at 4.5-5s. The body temperature was kept at 38°C with the use of a heating blanket. The ECG and EEG were constantly monitored to check the level of anesthesia, and when necessary a small dose (up to 0.5 mg l kg-' . h-l) of pentobarbital sodium was injected intramuscularly. To reduce salivation, 0.5 mg atropine sulfate was injected subcutaneously every 3 h. A small hole (2-3 mm diam) for the microelectrode recording was drilled through the resin-coated skull. When the recording was finished, a drip of antibiotic agent was applied to the hole, which was then filled up with resin. Spontaneous respiration resumed and became normal within 2-3 h of the final injection of the paralyzing agent. In two monkeys, the recovery of spontaneous respiration was assisted by an injection of neostigmine (5 mg/kg, intramuscular injection). The endotracheal cannula was then removed, and the animal was returned to its cage after an additional 30 min observation. The duration of artificial respiration was not more than 11 h.
Recording
Extracellular single-cell recordings were made in the deep portion of the 'superior temporal sulcus by the use of a glass-coated platinum-iridium electrode with an exposed tip 5-10 pm long (2-4 MQ at 1 kHz). The electrode was held by a micromanipulator fixed to a second arm of the experimental stage, inserted into the brain through a pinhole in the dura, and advanced in the horizontal plane anteromedially at an angle of 30' to the parasagittal plane. The pinhole was made by a stainless needle with a shaft 0.7 mm diam. The exposed dura was covered with paraffin to prevent it from drying and to reduce movements of the brain caused by pulsation or respiration. The position of each penetration was determined with reference to a point on the resin-coated skull.
For each animal, we first determined the extent of MT in the posterior bank and the floor of the superior temporal sulcus, because the extent of MT is a good guide for the part of MST where the three types of directionally selective cells cluster. MT was identified by the predominance of Direction cells with relatively small receptive fields (Ungerleider and Mishkin 1979; Van Essen et al. 198 1) . The retinotopical organization of MT was confirmed, and this was used to determine its dorsal and ventral limits (Gattass and Gross 198 1; Van Essen et al. 198 1) . The extent of MT was later confirmed histologically (see below). After locating MT physiologically, we started recording from cells in MST. It is known that MST adjoins the inner border of MT and occupies the floor and the innermost part of the anterior bank of the sulcus (Maunsell and Van Essen 1983; Ungerleider and Desimone 1986b) . MST has many Direction cells as MT does, but the size of the receptive field is much larger in MST than in MT (Desimone and Ungerleider 1986; Saito et al. 1986; Tanaka et al. 1986; Van Essen et al. 198 1; Zeki 1980) . This difference in the size of the receptive field was used to determine the border between MT and MST. The outer part of the anterior bank of the sulcus is occupied by a polysensory region, and the narrow region between MST and the polysensory region is characterized by a predominance of cells unresponsive to visual, auditory, or somesthetic stimuli (Hikosaka et al. 1988) . Therefore the outer border of MST was determined by a predominance of unresponsive cells or by the appearance of an auditory or somesthetic response.
To sample the cluster of Direction, Expansion/contraction, and Rotation cells, we explored the dorsal part of MST that adjoined the dorsal half of MT, because our previous study indicated that the region of the cluster corresponds approximately to this dorsal MST (cf. Fig. 12 of Saito et al. 1986 ). However, because interanima1 variance is large, we determined the ventral limit of the clusters of Expansion/contraction cells and Rotation cells in each monkey. It corresponded to somewhere between the dorsal onethird point and the ventral one-third point of the dorsal-ventral extent of MT. All the cells presented in this and companion papers were sampled from the region in which Expansion/contraction and Rotation cells were sampled frequently. In particular, the Direction cells in the present study were limited to those sampled in penetrations in which Expansion/contraction cells and/or Rotation cells were also sampled. We thought that the Direction cells in dorsal MST and those in the ventral part of MST might be different in response selectivity.
The activity of isolated single units was fed through a voltage comparater to a microcomputer, which also received the timing signals of the photic stimulation (see below). Peristimulus time histograms (PSTHs) of the responses were made, usually on the basis of 10 trials.
Photic stimuli
The pupils were dilated and the lenses made to relax by local application of 0.5% tropicamide and 0.5% phenylephrine. The corneas were covered with contact lenses of +2 diopter with artificial pupils 3 mm diam. A translucent tangent screen was placed 57 cm from the corneas, and stimulus patterns were projected onto it from the side opposite to the animal. Several retinal landmarks, such as a crossing of vessels and the center of the optic disk, were projected onto the screen by the use of a reversible retinoscope, and the position of the fovea was determined geometrically from these by referring to photographs of the fundus.
Six types of instruments were used for photic stimuli. 1) Textured boards, black rectangles, and black disks of various sizes, AND H. SAITO moved by hand in front of the screen. These were used for the initial exploration of the optimal mode of motion for individual cells. 2) A slide projector, held by hand to project a pattern on the screen. 3) A slide projector with a rotatable mirror in the light path. The mirror was mounted on a galvanometer, and its rotation was controlled by a second microcomputer. 4) A special slide projector that was equipped with a zoom projection lens and modified so that the assembly of the slide mount could be rotated. This was used to expand and contract the projected pattern or to rotate the pattern on the screen by manual control. The maximum expansion and contraction was 2.6 times. 5) A projector similar to 4, but the movement of the zoom lens and the slide mount assembly were controlled by microcomputer through pulse motors. 6) A conventional motion-picture system using 16 mm film. An animation technique was used to produce an axial expansion/contraction and a shearing movement that could not be produced by a conventional slide projector. The moving picture is composed of 48 frames/set, and the same patterns are given for 2 frames successively. The picture thus moves discretely at 42 ms intervals. A weak point of this system is that the speed of motion cannot be changed easily. We prepared several different film strips to produce movements of different speeds, and used the one best for each individual cell.
In the automatic expansion/contraction stimulus produced by the fifth and sixth instruments, the size of the patterns changed as an exponential function of time: the distance of a given point in the pattern from the center of the movement was d = 6 l a' or d = 4 l a-', where t is the time in seconds after the onset of movement, 6 is the distance at time 0, and a is the magnitude of the expansion/contraction per second. The speed of instantaneous movement of individual texture components was proportional to the distance of the component from the center at that moment: v = (In a). d or v = -(ln a). d, where v is the speed.
In the automatic rotation, patterns were rotated at a constant angular speed. The speed of instantaneous movement of texture components was proportional to the distance of the component from the center of rotation.
The patterns projected on the screen were light spots, light slits, dot patterns (two-dimensional arrays of light spots), stripe patterns (rectangular gratings), light rings, light crosses, patterns composed of concentric light rings, patterns like windmills, and Straight Straight movement movement patterns made by reversing the contrast of the above patterns. When the response was being measured quantitatively, the patterns were projected within a circular window 80' diam. The surround was masked by an opaque sheet attached to the rear of the screen. The luminosity of the dark parts of the patterns was 5.2 cd/m2 and that of the light parts about 1 log U higher. When the fourth and fifth instruments were used, the luminosity of the light parts decreased as the pattern expanded: it was 0.7 log U higher than the dark part when the pattern was doubled. In dot patterns, the interval between the centers of the nearest two spots was twice the diameter of the spots.
Procedure for individual cells
The isolated units were classified using the hand-controlled instruments, i.e., the first, second, and fourth instruments. A cell that responded to a translation of a pattern in the frontoparallel plane with directional selectivity was immediately classified as a Direction cell, because Expansion/contraction and Rotation cells never responded to translations (see Fig. 1 ). On the contrary, the observation that a cell responded to an expansion/contraction or rotation was not enough to classify it as an Expansion/contraction cell or a Rotation cell, because many Direction cells were activated to some extent by an expansion, contraction, and rotation if the center of the motion was well separated from the center of the receptive field. Before a cell was classified as an Expansion/contraction or Rotation cell, it had to be confirmed that it never responded to translations of patterns of any size at any position.
The location and extent of the receptive field was determined using the hand-controlled projectors (the second and fourth instruments). The inner edge of the stimulus was used to determine the border of the receptive field for Direction cells, but the center of the stimulus was used for Expansion/contraction and Rotation cells, as in the previous study (Saito et al. 1986) . If the center of the receptive field was located far laterally from the fovea, the screen was moved laterally along a circular guideline so as to keep the center of the receptive field within the central region of the screen. The position of the projectors was also changed, so that the line connecting the eye with the projectors was about perpendicular to the surface of the screen. This was done to reduce the distortion of image at the periphery of the tangent screen. The screen could not be moved in the vertical direction, and therefore the cells that had the receptive fields at the upper or lower periphery were not studied quantitatively. Finally, quantitative tests were made on each cell. Expansion/ contraction and Rotation cells were first subjected to a test in which their response to an axial expansion/contraction or a shearing movement was compared with the response to an isotropic expansion/contraction or a circular rotation (see the insets in Fig. 13 ). Both movements were produced by projecting the animation film (the sixth instrument). Next, for all three types of cell, the effect of changing the area1 extent of the stimulation, the preference for shape of the pattern components, and the preference for speed of movement were examined using the computercontrolled projectors (the third and fifth instruments).
the superior temporal sulcus (Newsome and Wurtz 1982; Ungerleider and Desimone 1986a) . We could see a region in the anterior bank that was more heavily stained than the surrounding regions, although it was less prominent than MT in the posterior bank.
The outer border of this region seems to correspond to the outer border of the cluster of the three types of directionally selective cells. However, because we did not determine the outer border of the cluster systematically in the present series of experiments, we want to leave our conclusions on this problem until we finish the next series of experiments, in which the dorsal part as well as the ventral part of MST will be mapped extensively.
RESULTS
Quantitative measurements were made on 78 Direction cells, 87 Expansion/contraction cells, and 50 Rotation cells sampled from dorsal MST, which adjoined the dorsal half of MT (cf. Fig. 12 of Saito et al. 1986 ). Direction cells are the directionally selective cells that can be activated by a straight transfer of pattern in the frontoparallel plane. Expansion/contraction and Rotation cells are insensitive to such translations. Expansion/contraction cells are activated selectively by an expansion or contraction of pattern, and Rotation cells by a clockwise or counterclockwise rotation ( Fig. 1 ). Although not tested systematically, Direction cells can be also activated by an expansion/contraction or a rotation if the center of the motion is well separated from the center of the receptive field.
Histology
After the last recording session, needles were left in the brain at several important positions, and the monkey was deeply anesthetized with pentobarbital sodium and perfused with warm saline, followed by 10% formal saline. Frozen sections were cut 50 pm thick in the horizontal plane, and two neighboring sections were taken every 1 mm. One series of sections was stained for myelin with hematoxylin (a modified Heidenhain method) (Hutchins and Wever 1983), and the other series was stained with cresyl violet. The extent of MT was determined by the dense and uniform myelinated band in the cortex. It corresponded to the physiologically determined extent of MT. Recently, it has been reported that part of the outer border of MST corresponds to the outer border of a densely myelinated zone in the anterior bank of 100" Among the Expansion/contraction cells, there was an imbalance between two subtypes: cells responding to an expansion were much more common than those responding to a contraction (76 vs. 11). Among the Rotation cells, cells responding to a clockwise rotation and those responding to a counterclockwise rotation were equally common (25 vs. 25) . This ratio between the subtypes within Expansion/contraction cells and that between the subtypes within Rotation cells reflect the real frequency of sampling, but the comparative size of Direction, Expansion/contraction, and Rotation cells does not reflect the real frequency of sampling (cf. Saito et al. 1986 ).
In the present study, we failed to find a cell that selectively responded to a rotation in depth (a rotation whose axis is orthogonal to the visual axis) in dorsal MST. Because we found such cells in the same area in the previous study (Saito et al. 1986) , there seems to be a discrepancy. However, such cells were found in a grouped fashion in a few penetrations in the previous study, and therefore we tentatively assume that the difference is only due to the chance of sampling. Figure 2 shows the square root of receptive-field area plotted as a function of the eccentricity of the center of the receptive field for the Direction (feft), Expansion/contraction (mid&e), and Rotation (right) that contained the fovea, the filled triangles those that touched the fovea, and the open triangles those separated from the fovea. The receptive field was generally large (the mean root size was 45 O for Direction cells, 53O for Expansion/contraction cells, and 53O for Rotation cells) and mostly contained the fovea.
Selectivity for the area1 extent ofstimulation
The dependence of the response on the area1 extent of the stimulation was examined by changing the size of the circular window within which the moving pattern was projected. The size of windows tested were 20, 40, and 80' diam, and the center of the windows was placed at the position where stimulation with a handheld projector evoked the strongest response. Some cells were also tested with annular stimuli. The inner and outer diameters were 40 and 80° or 20 and 40". A dot pattern was routinely used here and was projected by the use of the computer-controlled slide projectors (see METHODS) .
The speed of movement was roughly adjusted to the optimum for individual cells by listening to the response on the audio monitor. The interspot interval was usually 5O for straight movements and rotations. For expansions and contractions, it was 5" when the pattern was at its most contracted. As shown in a later section, dot patterns were, at least, not less effective than patterns with continuous texture components for the activation of most cells, and the size and interval of spots used here were commonlv effective.
A general conclusion for the majority of cells is that the stimulation of a large area (not smaller than a 40' circle) was required to activate them maximally. The stimulation of a 20' area evoked a small or no response. Some cells increased the magnitude of response monotonically as the window size increased from 20 to 80°. Cells Dl, El and RI of Fig. 3 are representative of this group. In the remaining cells, the stimulation of a 40° area was about equally effective to that of an SO0 area. Cells E2 and R2 of Fig. 3 belong to this second group.
However, it is not the case that the effective area for the activation of the second group of cells is limited to the central 40", because stimulation of an annular area excluding the central 40' evoked some good responses in these cells (see the rightmost histograms of cells E2 and R2). Therefore their effective area is also distributed throughout the 80°. The difference between the first and second groups may be in the way the effect of stimulation is summed spatially.
There is a possibility that the relative ineffectiveness of the 20' stimulation as compared with the 40 and 80' stimulation was caused by a difference in the range of speed of local movements that the stimulation contained rather than the area1 extent of the stimulation.
For both expansion/contraction and rotation, the speed of local move- ments of spots is proportional to the distance from the center of the movement, and therefore, with the same speed of expansion/contraction or the same angular speed, the 20° stimulation lacked the fast local movements that the 40 and SO0 stimulation contained. This possibility was tested and excluded by observing the responses of several cells (3 Expansion cells and 7 Rotation cells) to the 20' stimulation with speeds twice and four times as fast. An example is shown in Fig. 4 . The increase of speed did not improve the responses to the 20' stimulation. Therefore the difference in effectiveness of stimulation seems caused by differences in the extent of the stimulated area.
To quantitatively evaluate the dependency of the response on the area1 extent of stimulation, the ratio of the magnitude of response to the 20' stimulation to that to the 80' stimulation was calculated for 75 Direction cells, 36 Expansion/contraction cells, and 27 Rotation cells. For the evaluation here as well as in the following procedures, the magnitude of the response was represented by the mean firing rate during the period of movement. The exact position of the window for the calculation of the response was shifted by the response latency of individual cells. The frequency histograms of the ratio are shown in Fig. 5 The pattern selectivity of visual cells is usually examined in terms of preference for the spatial parameters of the outline of isolated patterns. However, because the majority of cells in dorsal MST preferred movements of a pattern extending over a wide visual field, we examined the pattern selectivity of the cells in terms of their preference for shape, size, and sign of contrast of the texture components of the pattern. First, we examined whether the cells responded equally well to patterns of continuous texture components and those of interrupted texture components or if they responded preferably to either pattern. As an interrupted texture pattern, dot patterns were commonly used for straight movements, expansion/contractions, and rotations. The interval between the light spots was twice the spot size, and the spot size (for the stimulation of size change, the size when the pattern was the most contracted) was selected from 5, 2.5, 1.25, 0.68, and 0.34O so that the stimulus evoked the largest responses in individual cells. Neither 0.68 nor 0.34O was selected for any cell (see the later part of this section). As a continuous texture pattern, different patterns were used for different modes of motion so that the long axis of the texture components was orthogonal to the direction of local movement (see Fig. 6 , right insets). Stripe patterns were used for straight movements. The duty ratio was 1: 1, and the width of the stripes was either 5, 2.5, or 1.25O. Patterns composed of concentric light rings were used for expansions and contractions. The width of the dark spaces between neighboring light rings was the same as the width of the light rings, either 5,2.5, or 1.25". Patterns like windmills were used for rotations. The pattern was composed of 8 or 16 fan-shaped light wedges separated by dark wedges of the same angular extent. Of the two or three texture sizes, the most effective for individual cells was selected by listening to the response on the audio monitor and used for the quantitative measurement. For the cells that clearly preferred the stimulus of a small area, it was given within a circular window 20' in diameter. For the rest, the stimulus was given within an 80° circular window. The same speed of motion was used for stimulation by interrupted and continuous patterns.
The majority of cells responded similarly to movements of the two types of patterns. The three cells exemplified in Fig. 6 are typical examples. The ratio of the magnitude of response to the patterns of continuous components to that to the patterns of interrupted components was calculated for 38 Direction cells, 55 Expansion/contraction cells, and 30 Rotation cells, and the frequency histograms are shown in Fig. 7 . The distribution of Rotation cells is almost limited to the range between 0.5 and 2 (26/30 cells). In the frequency histogram for Direction cells and Expansion/ contraction cells, a majority (3 l/38 Direction cells and 4 l/5 5 Expansion/contraction cells) were also located within this range, but there is a definite distribution below 0.5 (7/38 Direction cells and 14/55 Expansion/contraction cells).
Next, the dependency of the response on the size of the texture components was examined. Only dot patterns were used. The size of the light spots was changed from 5 to 0.3", and the interval between spots was also changed so that it was always twice the spot size. The speed of movement and the area1 extent of stimulation were kept constant, as in the experiment described just above. For the stimulation of expansion/contraction, the pattern was changed between the size described above and a double size.
The exact size of the spots was not crucial to activation of the cells. Almost all the cells showed low-pass properties, although there was wide variety in the position of the high cut-off point. The top graphs in Fig. 8 As a third parameter of the patterns, the sign of contrast of the pattern was changed. The magnitude of response to the regular dot patterns composed of light spots on a dark background was compared with that to patterns composed of dark spots on a light background. The other spatial parameters were the same. As may be seen in the frequency histograms of Fig. 9 , the ratio of the magnitude of response was distributed around 1. This means that most cells showed a comparable response to the two patterns. We interpret this fact as an evidence to show that changing the sign of contrast did not affect the magnitude of response. A possible objection to this conclusion is the following. The mean luminosity of the pattern also changed as the sign of the contrast changed, and an effect of changing the sign of contrast might have been canceled by an effect of changing the mean luminosity. However, we do not think it likely because MST cells responded comparably well to movements of various patterns which had different levels of mean luminosity, although we did not test this point quantitatively.
In summary, the shape, the exact size, and the sign of contrast of texture components were generally not important in determining the magnitude of response of cells in dorsal MST.
Selectivity for the speed of movement
The dependence of the response on the speed of movement was examined for Expansion/contraction cells and Rotation cells. Direction cells were not studied in this respect, because Hikosaka and Iwai have already shown that individual Direction cells in MST respond to a limited range of speeds and that different cells respond to different speeds (Hikosaka and Iwai, personal communication) .
A dot pattern of light spots 2.5O diam was used, and the stimulus was presented within a circular window 80' in diameter. Cells that preferred smaller stimulation field were not examined in this part of the experiment. different speeds of expansion/contraction: the pattern was doubled or halved in 9.3, 4.6, 2.3, 1.2, 0.6, and 0.3 s. For these speeds of expansion/contraction, the spots move at 2.9, 5.8, 11.6, 23.1, 46.2, and 92.4 deg/s at a position 40° from the center of the stimulus. The response of Rotation cells was also tested at six different speeds of rotation: 0.0 1, 0.02, 0.04, 0.08, 0.15, and 0.3 1 rps. For these speeds of rotation, the spots move at 2.5, 5.0, 10.0, 20.1, 40.2, and 80.3 deg/s at a position 40' from the center of the stimulus. For both expansion/contraction and rotation, the stimulus conditions were changed every trial and rotated within the six conditions. It should be noted that the fastest speed both for the expansion/contraction and rotation was determined by the mechanical limits of the apparatus.
All the Expansion/contraction cells tested responded to expansions or contractions at a limited range of speeds, and the effective range of all the cells covered all the speeds tested. The response of 3 Expansion/contraction cells is shown in Fig. 10 to demonstrate this situation. Cell El showed a high-pass property within the speed range tested in this study: a 50% reduction of response was present only on the slow side. Cell E2 showed a band-pass property and cell E3 a low-pass property. The high-pass property was most prevalent; it was shown by 30 of the 35 Expansion/ contraction cells tested. Two and three cells showed the band-pass and low-pass properties, respectively.
A majority of the Rotation cells tested also responded to rotations in a limited range of speeds. Cell RI shown in Fig.  11 is an example. In addition, there was a group of Rotation cells that responded well to the whole range of speeds tested. Cell R2 is representative of this group. Of the 33 Rotation cells tested, 19 showed a high-pass property, and 4 cells showed a low-pass property. No cell of the 33 Rotation cells showed a band-pass property. No cell of the 33 Rotation cells showed a band-pass property. The remaining 10 cells showed a flat response curve: the magnitude of response was larger than 50% of the maximum at any speed tested.
As described above, cells with high-pass properties were more frequently sampled than cells with band-pass and low-pass properties. Therefore it seems possible that the speed of movement is represented by the average activity of the whole assembly of cells, which increases as the speed increases. Actually, the average activity of the present sample of Expansion/contraction and Rotation cells increased monotonically as the speed increased within the speed range tested (Fig. 12) . However, we have to remember that the fastest speeds tested in the present study were simply determined by the mechanical limits of the apparatus. It is possible that, if we tested the speed properties of cells with a wider range of speeds, the high-pass cells would be divided into different groups of cells preferring different ranges of speeds. Therefore, at present, there are two possible ways in which the assembly of Expansion/contraction cells and Rotation cells analyzes the speed of movement: the speed of movement may be represented by the information "which cells are activated" or by the average activity of the whole assembly.
Selectivity for modes of motion
We also reconsidered the selectivity of Expansion/contraction and Rotation cells for the mode of motion. Our previous criterion to classify a cell as an Expansion/contraction or Rotation cell was that it never responded to a straight movement of a pattern in any direction in the frontoparallel plane, but rather it responded to one of the following four modes of motion: isotropic expansion or contraction or circular clockwise or counterclockwise rotation in the frontoparallel plane (Fig. 1) (Saito et al. 1986 ). The animal may experience two additional modes of motion which are close to isotropic expansion/contraction or circular rotation. One is an axial expansion and contraction in which the pattern expands and contracts only in the direction along a single axis of orientation (illustrated by Fig. 13, top left inset) , and the other is a shearing movement of pattern along a single axis of orientation (illustrated by Fig. 13, bottom left inset) . These axial movements occur on the retina in two situations: when the animal translates its head position in the direction normal to its visual axis in front of an environment that has a depth structure, and when a flattened object rotates with the axis of rotation not parallel to the visual axis of the animal (see the DISCUSSION for more details). Because the spatial arrangement of local directions of movements in the axial expansion/contraction resembles that in the isotropic expansion/contraction in a significant part of the stimulus field, we suspected that some of the cells previously classified as Expansion/contraction cells would have responded more strongly to an axial expansion or contraction. On the other hand, the shearing movement partly resembles the circular rotation, and it is possible that some of the cells classified as Rotation cells would have responded more strongly to a shearing movement. To clarify the optimal mode of motion that activates individual cells most strongly, the response of Expansion/contraction cells to an axial expansion/contraction was compared with that to an isotropic expansion/ contraction, and the response of Rotation cells to a shearing movement was compared with that to a circular rotation.
The experiments were done as follows. For Expansion/ contraction cells, axial expansion/contractions of a dot pattern along four orientations 45" apart (3:00-9:00, 4:30-10:30, 6:00-12:00, and 7:30-1:30 o'clock) and an isotropic expansion/contraction of a dot pattern were presented in an interleaved series. In the isotropic expansion/ contraction, the interval between the spots was initially 4.4", expanded to 8.8O in either 1 or 0.5 s, and then con- tracted to the initial size in the same time as the expansion. The size of the spots was changed correspondingly, so that the spot size was kept at one-half the interspot interval. In the axial expansion/contraction, the interspot interval in one orientation was fixed at 6.6", whereas that in the orthogonal orientation was expanded from 4.4 to 8.8' in either 1 or 0.5 s and then returned to the initial size in the same time. The spot size was kept at 3.3'. The isotropic expansion/contraction as well as the axial expansion/contraction stimuli were produced on motion picture film by an animation technique. We prepared two filmstrips in which the expansion and the contraction each took either 1 or 0.5 s (for these speeds of expansion/contraction, the spots move at 28 or 55 deg/s at a position 40' from the center), and the film that evoked the greater excitation in an individual cell was used for that cell. The tup of Fig. 13 shows the response of an Expansion cell to these stimuli. This cell is the same as that shown in the top of Fig. 1 . The axial expansion, especially along the 3:00-9:00 o'clock axis of orientation and that along 1:30-7:30 o'clock evoked a little excitation, but the response to the axial expansion was much smaller than the response to the isotropic expansion.
In addition to the difference in the spatial arrangement of local directions of motion, there is another difference between our axial expansion and isotropic expansion; that is, the individual spots of the pattern changed their size in the isotropic expansion but did not in the axial expansion. However, it is not likely that this was the cause of the difference in the magnitude of response, because it was established that the size change of individual spots did not contribute to the response of Expansion/contraction cells to an isotropic expansion/contraction (see the companion paper) (Tanaka et al. 1989) .
For Rotation cells, shearing movements of a dot pattern (spot size and interval, 6.6 and 13.2") along four axes 45" apart, namely, at the orientations of 3:00-9:00, 4:30-10:30, 6:00-12:00, and 7:30-1:30 o'clock, were presented in combination with a circular rotation of the same dot pattern. In a shearing movement, spots moved in the opposite directions in the two halves of the stimulus field as in an axial expansion/contraction, but the directions of the movements were parallel to the border between the two one-half fields. The speed of movement was proportional to the distance from the border. At the most distal part, namely 40' from the border, the spots moved at 26.5 or 53 deg/s. In the circular rotation, the dot pattern rotated with an angular speed of 0.11 or 0.12 rps. The speed of movement of spots at the most distant part was 28 or 56 deg/s under these conditions of rotation. The slow and fast rotations were presented with the slow and fast shearing movements, respectively, and therefore the speed range of spot movement in the shearing movement was about the same as that in the rotation. The film at the speed that evoked the greater response in an individual cell was used for that cell. The bottom of Fig. 13 shows the response of the same Rotation cell as that shown in the bottom of Fig. 1 . Although a uniform straight movement in any direction did not evoke excitation in the cell (Fig. 1 ) the shearing movement clearly activated it (Fig. 13) . However, the magnitude of the response to the shearing movement was still only about one-half that of the response to the circular rotation.
The ratio of the magnitude of the largest response elicited by the axial expansion/contraction or the shearing movement to that of the response elicited by the isotropic expansion/contraction or the circular rotation was calculated for 5 1 Expansion/contraction cells and 33 Rotation cells, and the frequency histograms are shown in Fig. 14 . All the cells except for two Expansion/contraction cells and three Rotation cells responded more strongly to the isotropic expansion/contraction or the circular rotation than to the axial expansion/contraction or the shearing movement with axis of movement of any orientation.
Especially, four-fifths (4 l/5 1) of the Expansion/contraction cells and two-fifths (13/33) of the Rotation cells showed definite selectivity to the isotropic expansion/contraction or the circular rotation with a ratio smaller than 0.5. The five exceptional cells that responded more strongly to the axial move- ments were excluded from all other data summaries in this and the companion paper (Tanaka et al. 1989) . Another important point in the quantitative analysis of the results was to see whether the responses were sensitive to the orientation of the axis of movement. We thought that if the cells were involved in the analysis of axial movements, their responses should be sensitive to the orientation of the axis of movement. We calculated the ratio of the magnitude of the minimum versus the maximum response to the axial expansion/contraction or the shearing movement as the index of the sensitivity. The value 0 means complete selectivity, and 1 means that the response was not selective at all to orientation. Negative values mean that the spontaneous activity was suppressed by the axial movement at some orientation. The cells are plotted in Fig. 15 by taking this index as the ordinate and the ratio of the magnitude of the maximum response to that of the response elicited by the isotropic expansion/contraction or the circular rotation as the abscissa. The abscissa is the same as that in Fig. 14. Only cells that had a value of the abscissa > 0.5 were plotted, because we thought it meaningless to calculate the ratio for very small responses. The two Expansion/contraction cells and three Rotation cells that are situated right of x = 1 showed very small values in the ordinate, which means that their responses were selective for the orientation of the axis of movement. The results are less clear for the cells which are situated between x = 0.5 and x = 1. They are distributed rather widely on the ordinate, although 7 of the 8 Expansion/contraction cells and 11 of the 16 Rotation cells showed values < 0.5. Orientation selectivity of the responses to the axial movement. Ordinate is the magnitude of the minimum response to the axial movement divided by that of the maximum response. Abscissa is the magnitude of the maximum response to the axial movement divided by that of the response to the isotropic expansion/contraction or the circular rotation. Only the cells that are situated to the right of x = 0.5 are included. Value 1 in the ordinate means that the response was insensitive to the orientation of the axis of movement, and values < 0 mean that the selectivity was complete.
Small bars attached to the data points indicate the orientation of the axis of movement with which the maximum response was elicited.
The orientation of the axis of movement with which the maximum response was elicited in individual cells by the axial movement is also indicated in Fig. 15 by the small bars attached to the data points. We can conclude that there is no definite tendency such that a particular orientation is exclusively represented by the cells having strict selectivity for the orientation of the axis of movement, although the number of cells was too small for statistical tests.
DISCUSSION
Analysis of'eld motion Three types of directionally selective cells, Direction cells, Expansion/contraction cells, and Rotation cells, cluster in the dorsal part of MST (which we called the DSR region in the previous paper) ( Saito et al. 1986 ). In the present study, we found that these cells generally have the following properties: I) movements of a pattern extending over a wide visual field elicited a larger response than local movements of a pattern; 2) the response did not depend on the shape, exact size, or sign of contrast of texture components of the pattern; 3) different cells responded to different ranges of speed of movement: and 4) for Expansion/contraction cells and Rotation cells, an isotropic expansion/ contraction or a circular rotation elicited a larger response than an axial expansion/contraction or a shearing movement.
From these features of the cells, we propose that they are mainly involved in the detection and analysis of the widefield movements that the animal experiences when it moves its eyes, head, and/or body. The goal of this analysis is to perceive the mode, direction, and speed of the relative movement between the self and external space. The relevance of each of the four properties of dorsal MST cells to this proposition will be considered below.
Movements of a pattern extending over a wide visual field may occur on the retina in two situations: when a large object moves immediately in front of the animal's eyes, and when the animal moves its eyes, head, and/or body. Because the first situation occurs much less frequently than the second situation in the daily life of the animal, we take the preference of the cells to wide-field movements as an evidence to suggest that their main function is the analysis of the field movement caused by the movement of the animal itself. The insensitivity of the cells to movements of a small field will protect this analysis from being disturbed by independent movements of objects in the external space.
This conclusion may seem to conflict with the conclusion in our previous studies (Saito et al. 1986; Tanaka et al. 1986 ). Previously, we reported that dorsal MST contains both "field-type" cells, which selectively respond to movements of a wide textured-field, and "figure-type" cells, which selectively respond to movements of an isolated simple pattern (a light slit or disk). Direction cells and Expansion/contraction cells were about equally divided into field-type cells, figure-type cells, and intermediate cells, which responded nonselectively to the two types of stimuli ("nonselective type"), although almost all Rotation cells were the field type. However, the stimuli in the previous study were somewhat different from the present ones. Because the size of the light slit or disk, which was used as an isolated simple pattern, was optimized for individual cells, it was rather large for many cells. The area stimulated by the figure stimulus was not limited to a small field. There were also several quantitative reasons which might have biased the response to the figure stimulus: for Direction cells, the size of the field stimulus was not as large as that in the present study; for Expansion/contraction cells, the speed of movement was much faster in the figure stimulus
